26 Skirted foundations are a potential foundation solution for a range of offshore structures including 27 hydrocarbon and renewable energy platforms and subsea structures. Offshore foundations can be 28 subject to cyclic loading from environmental, installation and operational events affecting the 29 geotechnical response. A series of centrifuge tests have been performed on a shallow skirted 30 foundation on normally consolidated kaolin clay under a range of vertical cyclic load sequences, to 31 investigate the effect of tensile or compressive average stress, the magnitude of the applied stress and 32 the effect of cyclic loading of low magnitude followed by consolidation on the foundation response. 33
hydrocarbon and renewable energy platforms and subsea structures. Offshore foundations can be 28 subject to cyclic loading from environmental, installation and operational events affecting the 29 geotechnical response. A series of centrifuge tests have been performed on a shallow skirted 30 foundation on normally consolidated kaolin clay under a range of vertical cyclic load sequences, to 31 investigate the effect of tensile or compressive average stress, the magnitude of the applied stress and 32 the effect of cyclic loading of low magnitude followed by consolidation on the foundation response. 33
Results are presented as vertical foundation displacements normalised by the foundation geometry 34 and interpreted within the traditional shear strain contour approach. The findings indicate that the 35 average, rather than maximum, vertical stress defines the foundation vertical displacement response 36 and failure mode; that a threshold stress exists below which a steady state is maintained even at high 37 number of cycles; and that geotechnical resistance increases as a result of low level cyclic loading 38 followed by consolidation. 
Introduction

81
Skirted foundations are an established foundation type for fixed offshore oil and gas platforms and 82 subsea infrastructure, and more recently for offshore wind turbines (Bye et al. 1995, Watson and 83 Humpheson 2005; Randolph and Gourvenec 2011; Houlsby 2014) . The use of shallow skirted 84 foundations, i.e. foundations with a diameter larger than the embedment depth (API 2011), may also 85 offer advantages over deeper foundation options for anchoring vertically tethered platforms (Figure  86 1). A particular attraction is the potential to resist transient tension if negative excess pore pressures 87 can be generated and maintained between the underside of the foundation base plate and the confined 88 soil plug Luke et al. 2005; Gourvenec et al. 2009; Mana et al. 2013 ), but 89 with lower embedment ratios compared to suction caissons (Tjelta 2001; Tjelta 2015) . The larger 90 relative diameter of a shallow foundation compared to a suction caisson provides a significant surface 91 area for ballasting to improve holding capacity that can offset the reduced embedment ratio compared 92 to suction caissons (Gourvenec et al. 2015) . 93 A limited number of research studies have been performed on shallow skirted foundations with low 94 embedment ratios under cyclic loading relevant to floating platforms, although several studies have 95 been performed on the response of suction caissons with embedment ratios higher or equal to 1 (e.g. 96 Andersen et al. 1993; Clukey et al. 1995; Chen and Randolph 2007; Villalobos et al. 2010) . The effect 97 of vertical cyclic loading on the (post-cyclic) monotonic capacity of a skirted foundation with 98 embedment ratio of 0.5 on normally consolidated kaolin clay has been investigated with centrifuge 99 testing that indicated a reduction of the monotonic capacity after symmetrical cyclic loading (Byrne 100 and Cassidy 2002) . Results from centrifuge tests in carbonate silt of a square shallow skirted 101 foundation, with embedment depth over breadth equal to 0.22, under inclined cyclic load sequences 102 relevant to tension-leg platforms showed that the reverse end bearing capacity can be relied on as long 103 as the loss of embedment is taken into account (Gourvenec et al. 2015) . Centrifuge test results of a 104 circular shallow skirted foundations with embedment depth over diameter equal to 0.3 in lightly over-105
the tests but not too close to the foundation skirt depth. The undrained shear strength, s u , was derived 162 from the corrected penetration resistance using the commonly adopted T-bar capacity factor N T-bar = 163 10.5 (Martin and Randolph 2006) and the resulting profile of s u with penetration depth, z (in prototype 164 scale) is provided in Figure 3 , with the idealised profile, s u = s um + kz, where s um is the undrained shear 165 strength at the mudline, s um ~ 0 kPa, and k is the undrained shear strength gradient, k ~ 0.90 kPa/m. 166 foundation, confirmed by a sharp increase in the installation resistance. The centrifuge was then spun 171 down so that the vent could be sealed and spun up again prior to the foundation load test. Before the 172 commencement of the monotonic test, a compressive vertical stress equal to the installation resistance 173 was applied on the foundation for a period of 788 s (1 year in prototype scale). The installation 174 resistance was equal to ~16% of the ultimate monotonic vertical capacity, defined retrospectively 175 from the monotonic test. In the cyclic tests, a vertical stress equal to 20% of the ultimate monotonic 176 vertical capacity was applied after the installation resistance to represent the submerged weight of the 177 foundation and was held for a period of 788 s (1 year in prototype scale) prior to application of the 178 vertical load cycles, to ensure all tests started from a similar effective stress state. The degree of 179 consolidation associated with this waiting period is estimated as approximately 10% based on the 180 assumption of a smooth skirt (Gourvenec and Randolph 2010) . 181 where w max is the maximum vertical displacement in a cycle. Figure 5 shows that under average 218 tension, the foundation displaced upwards (noting that the first two parcels of ASC_TENS were in 219 compression). The rate of displacement, given by (∆w max /d)/∆Ν, was essentially constant until N = 220 17096 in the last parcel when (∆w max /d)/∆Ν started to increase suddenly. At this point, suction 221 between the underside of the base plate and the confined soil plug was lost, resulting in the foundation 222 being pulled out rapidly. Under average compressive load, the foundation displaced downwards 223 continously and the rate of displacement (∆w max /d)/∆Ν remained constant and generally lower than 224 0.2% throughout the test. These results are consistent with other published findings that the direction 225 of vertical displacement of a skirted foundation depends on the average vertical stress rather than the 226 maximum vertical stress (Bye et al. 1995; Byrne and Houlsby 2002; Kelly et al. 2006; Randolph 227 2012) . 228 Based on the above, the average vertical stress appears to define the foundation vertical displacement 229 response and failure mode. Catastrophic failure eventually occurred in the test with parcels in average 230 tension while no instability failure was observed in the test with parcels in average compression. As a 231 result, it was decided that the rest of the cyclic test programme would consider only sequences in 232 average tension, while acknowledging the importance of failure defined by a prescribed magnitude of 233 displacement, including settlement, for a serviceability limit state. may be taking place during the cyclic loading in these tests, as discussed later in the paper, but it is 246 not considered to affect the vertical displacement response as the applied loading and foundation 247 response was stable consistently from the onset of cyclic loading. The difference in the response in the 248 tests presented in Figure 6 (a) -i.e. unstable response with N < 10 under high stress and stable 249 response with N > 1000 in the tests under low stress -indicate the existence of a threshold stress, 250 below which a stable response can be anticipated irrespective of the duration of loading, or number of 251 cycles. This is consistent with observations from field tests on piles under axial cyclic loading, that 252 indicate a combination of average and cyclic loads that lead to a stable response of axial displacement 253 for a high number of cycles Jardine and Standing 2012; Tsuha et al. 2012; Rimoy 254 et al. 2013) . A stable vertical displacement response has been also observed in model tests on a 255 suction caisson with d/D = 6 in normally consolidated clay under low symmetrical tensile cyclic 256 loading for over 10000 cycles (Iskander et al. 2002 ). In the current study, it appears that there may be 257 a threshold value, or a combination of values of q V,ave /q V,ult and q V,cyc /q V,ult that lead to a stable vertical 258 displacement response for cyclic loading with N > 1000. Based on the centrifuge tests under two-way 259 cyclic loading in average tension, the threshold between stable and unstable response lies between 260 (q V,ave ± q V,cyc )/q V,ult = -0.10 ± 0.30 and -0.30 ± 0.50 for the conditions considered. centrifuge acceleration (Garnier et al. 2007 ). Therefore, while cyclic loading can be carried out at a 276 frequency to ensure undrained conditions during a single cycle, a greater degree of consolidation will 277 occur in the centrifuge during a period of cyclic loading than would take place in the equivalent field 278 situation. Dissipation of the excess pore water pressure during cyclic loading in these centrifuge tests 279 is referred to here as background consolidation. The degree of background consolidation can be 280 quantified by the dimensionless time factor, T defined as 281
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where c v is the vertical coefficient of consolidation quantified in Table 1 , t is the dissipation time, and 282 D is the foundation diameter as defined earlier. Figure 8 presents the vertical displacement response in 283 cyclic tests LOW_CONS and LOW_CONS_HIGH as a function of both t (prototype scale) and T, 284
where the origin of time is taken as the application of the monotonic vertical 'self-weight' stress at the 285 start of the test. Figure 8 shows that the vertical displacement of the foundation under the monotonicD r a f t 13 vertical stress appears to stabilise by the end of the consolidation period, indicating that consolidation 287 is essentially complete during the period after the first cyclic parcel. The degree of consolidation, U, 288 can be approximated from numerical solutions for vertically loaded circular skirted foundations 289 (Gourvenec and Randolph 2010) . For test LOW_CONS_HIGH, T = 0.14 for the 1080 cycles in the 290 first cyclic parcel corresponds to U ≈ 30%, T = 0.54 at the end of the consolidation period corresponds 291 to U ≈ 70%, while T = 0.04 for the 41 cycles in the second cyclic parcel corresponds to U ≈ 5%. This 292
indicates that some degree of background consolidation occurred in the first parcel, while almost 293 complete dissipation of the excess pore water pressure occurred during the consolidation period after 294 the first cyclic parcel and essentially no background consolidation occurred in the second cyclic 295 parcel. The increase in net geotechnical resistance in test LOW_CONS_HIGH noted above, can be 296 therefore attributed to the dissipation of excess pore water pressure induced by the cyclic load parcel 297
and by the constant vertical stress that was maintained before and after the cyclic parcel. 298
To assess the effect of the low-magnitude cyclic loading and consolidation on the undrained shear 299 strength, s u , T-bar tests were performed through the test footprint of test LOW_CONS (that comprised 300 a parcel of low amplitude loading and a consolidation period similar to LOW_CONS_HIGH), and at 301 an undisturbed location in the sample both before testing and after the completion of testing (four 302 days after completion of the cyclic test). The s u profiles are provided in Figure 9 , which shows that 303 marginal change in undrained shear strength occurred in the undisturbed sample during the testing 304 period, reinforcing the previous observation that consolidation of the soil sample had been achieved 305 prior to testing. However, Figure 9 does show that s u is higher at the test location than at undisturbed 306 locations after completion of testing, both over the depth of the skirts and below skirt tip level. The 307 increase is almost 70% at the edge of the foundation footprint at skirt tip level, but a more moderate 308 20% in the centre of the foundation footprint. 309 Based on the above, a gain in s u , and therefore in the net geotechnical resistance, is achieved if full 310 consolidation occurs after low-magnitude cyclic loading. Similar to observations from this study, 311 previous experimental studies have shown that cyclic displacements or cyclic loading on model riser 312 pipes on soft normally or lightly overconsolidated clay may lead to an increase of the undrained shearD r a f t strength of the underlying soil, if adequate dissipation of the excess pore water pressure is allowed 314 after the remoulding of the soil (Hodder et al. 2013; Yuan et al. 2015; Clukey et al. 2017; Cocjin et al. 315 2017) and that the undrained sliding of a shallow foundation followed by adequate consolidation may 316 cause enhancement of the foundation monotonic vertical capacity and sliding resistance respectively 317 (Cocjin et al. 2014) . In these examples the cyclically induced gains are greater than under equivalent 318 monotonic loading. While it is impractical to rely on these strength gains in initial design -since the 319 timing of the design event is unknown -insight into consolidation gains from a lifetime of calm 320 weather cyclic loading can inform on foundation stability for life extension design or 321 decommissioning. 322
Failure criteria on a shear strain contour diagram
323
Strain accumulation on contour diagrams is a well-established approach for geotechnical design of 324 foundations under cyclic loading by assessing soil strength degradation due to cyclic loading. The 325 approach converts real irregular cyclic load sequences to an idealised regular cyclic load sequence 326 through an accumulation procedure on contour diagrams of shear strain or excess pore water pressure 327 based on results from laboratory element tests (Andersen 2015) . The contour with the highest value is 328 considered the failure envelope and the stress level where the accumulation procedure intersects the 329 failure envelope is defined as the cyclic shear strength that determines the foundation cyclic capacity. 330
This section attempts to define appropriate failure criteria for vertical cyclic loading of a shallow 331 foundation by associating the failure envelope on a contour diagram, derived from element tests, with 332 the instability failure observed in the centrifuge tests. A shear strain contour diagram derived from 333 stress-controlled cyclic non-symmetrical direct simple shear (DSS) tests (with τ ave = τ cyc , where τ ave is 334 the average shear stress and τ cyc is the cyclic shear stress) on normally consolidated kaolin clay, the 335 same material used in the centrifuge tests, is adopted. The test details are presented by Zografou et al. 336 (2018a) between triaxial compression and triaxial extension (Mayne 1985; Randolph 2012) . The DSS strength 341 is considered representative of the range of stress paths in the soil surrounding and beneath a shallow 342 foundation and therefore of the soil strength mobilised by a foundation at failure. The comparison of 343 the foundation response in the centrifuge with the soil response under DSS is made based on the 344 assumption that the ratio of normalised vertical stress, q V,max /q V,ult is equal to the ratio of normalised 345 shear stress, τ max /s u applied on a soil element. It is noted that the ratio q V,cyc /q V,ave in the centrifuge tests 346 considered below (HIGH and last parcel of LOW_CONS_HIGH) varies from 0.7 to 1.6 (Table 2) , and 347 is therefore close to the value of CSR = 1 in the cyclic DSS tests. 348
The failure envelope on the contour diagram can be defined as the contour that is closest to the final 349 point of the accumulation procedure for the centrifuge tests that reached failure. As discussed 350 previously, instability failure occurred in the cyclic tests under average tension when suction was lost. (Li et al. 2015) , and numerical results 361 reported by Vulpe et al. (2017) for a monotonic vertical stress q V /q V,ult = 0.2 and T = 0.04 (Figure 8) . 362
The normalised shear stress and number of cycles at failure are also plotted on the contour diagram on 363 Figure 10 for the centrifuge test with low-level cyclic loading followed by a consolidation period and 364 a parcel of cyclic loading of high magnitude [LOW_CONS_HIGH] (q V,max /q V,ult = -0.95 and N = 41). 365
It is noted that the first parcel with q V,max /q V,ult = -0.36 (-0.10 ± 0.30) and N = 1080 plots near the D r a f t horizontal contour of 1% and is not considered in the accumulation procedure (Zografou et al. 2018a (Zografou et al. , 367 2018b . As shown in Figure 9 and discussed above, T-bar tests through the foundation footprint in the 368 cyclic test with the same sequence until the end of consolidation period [LOW_CONS indicated that 369 the increase in s u is between 20%, close to the centre of the foundation and up to 70% close to the 370 edges of the foundation. Assuming an increase in operative s u of 45%, Figure 10 shows that loss of 371 suction in the test LOW_CONS_HIGH plots at the contour of γ max = 5%, at τ max /s u (consolidated) = -0.66 372 and N = 41. 373 Based on the above, a shear strain of γ max = 5% in a soil element under cyclic DSS may be linked with 374 instability failure of the shallow skirted foundation in normally consolidated kaolin clay under the 375 cyclic sequences tested in the centrifuge. This value of γ max is below the contour where failure at a soil 376 element level was defined, i.e. γ max = 25% -also shown on Figure 10 and defined in the same way as 377 failure for the model tests reported here, i.e. at the point where the change in γ max per cycle increases 378 rapidly (Zografou et al. 2018a ). The findings indicate that instability failure of the foundation under 379 tension occurred at a common strain level irrespective of loading history, although the strain level is 380 not immediately comparable to that defining failure at the element level in the DSS tests. 381
Conclusions
382
This paper presents results from centrifuge tests on a shallow skirted foundation in normally 383 consolidated kaolin clay under two-way non-symmetrical vertical cyclic loading. Based on the 384 observations from the centrifuge tests, the following conclusions can be made: 385 1. Two-way cyclic loading in average compression leads to continuous accumulation of the 386 vertical settlement of the foundation while two-way cyclic loading in average tension may 387 lead to a loss of embedment, leading to loss of passive suction and an instability failure. The 388 mode of failure for a skirted foundation under two-way vertical cyclic loading therefore 389 appears to depend on the average vertical stress, rather than the maximum. Based on the 390 present study, suction was lost when upward vertical displacement was approximately 5% of 391 the embedment depth. In addition, it was observed that cyclic loading in average compressionD r a f t led to higher magnitude of vertical displacement than cyclic loading in average tension of 393 similar magnitude. 394 2. A threshold value of applied vertical stress was observed below which the vertical 395 displacement remained stable for a high number of cycles. Vertical displacement was stable 396 under cyclic loading in average tension for > 1000 cycles with a relatively low normalized 397 vertical stress (q V,ave ± q V,cyc )/q V,ult = -0.10 ± 0.30 while an unstable response was observed at N 398 < 10 with a higher amplitude cyclic stress (q V,ave ± q V,cyc )/q V,ult = -0.30 ± 0.50. Generalised 399 conclusions regarding threshold stresses for skirted foundations cannot be drawn from the 400 limited data from this test program. The observation that a threshold stress combination exists 401 is potentially significant, and investigation of a wider range of foundation, soil and loading 402 conditions would be of value, as threshold stress is an important consideration in foundation 403 design. 404 3. Two-way cyclic loading in average tension of low magnitude stresses followed by a 405 consolidation period has been shown to increase soil strength, evidenced by the higher 406 maximum stress and relatively high number of cycles at which failure occurred. 407 4. The instability failure envelope of the cyclic centrifuge tests in average tension, plotted on a 408 shear strain contour diagram derived from cyclic direct simple shear test data, was defined on 409 a shear strain contour (γ max = 5%) that is notably lower than the maximum shear strain where 410 failure was observed in the element tests on the same soil. 
